Introduction "I-cell" or "inclusion cell" disease (ICD) is a hereditary disorder of childhood, named from the phase contrast appearance o£ cultured skin fibroblasts from affected patients. The cytoplasm of cultured fibroblasts is filled with granular inclusions [6] . Recently I-cell disease has also been called mucolipidosis II [16] . The disease presents clinically [7] as a slowly progressive disorder with severe growth retardation, skeletal dysplasia, psychomotor retardation, gingival hyperplasia, coarsening of facial features similar to those seen in the Hurler syndrome (MPS type I), and fatal outcome within the 1st decade. The corneas of ICD patients are only occasionally cloudy, hepatosplenomegaly is minimal or absent, and urinary excretion of acid mucopolysaccharides (AMPS) is normal. Pedigree analyses indicate that ICD is transmitted as an autosomal recessive trait [7] .
The nature of the cytoplasmic inclusions in cultured skin fibroblasts is unknown. Ultrastructural studies [5, 20] suggest they are storage cytosomes, possibly derived from lysosomes. In this report we present the results of chemical analyses of the storage material in I-cells as well as the activity of lysosomal hydrolases in these cells. Postmortem analyses of frozen tissues from two patients with I-cell disease are also presented.
Materials and Methods

Subjects
Patients LG, JG, OW, SS, US, and SV have been described clinically by Leroy et al. [7] . Patients BE and JB have been studied by Tondeur et al. [20] and by Eggermont et al. [8] , respectively. Patient CM is currently being followed at the Johns Hopkins Hospital, Baltimore, Maryland.
Cultures of Skin Fibroblasts
Fibroblast cultures were obtained from skin biopsies and propagated in media F-10 containing 15% fetal calf serum according to methods published previously [6] . For chemical analyses as well as for enzyme studies, cultures of control and patient cell strains were started simultaneously, using in each instance a similar number of cells. All cultures were harvested between 5 and 7 days after they had reached confluency, at which time the cell number had become five times that of the inoculum.
Organs
Specimens of liver, brain, kidney, and spleen, obtained at autopsy, were frozen and kept at -20° until analysis.
Enzyme Assays
Af-Acetyl-jS-D-glucosaminidase, /3-D-galactosidase, /3-Dglucosidase, /3-D-glucuronidase, /3-D-xylosidase, «-D-galactosidase, and «-D-mannosidase were assayed fluorometrically by measuring 4-methylumbelliferone released from the appropriate glycosidic derivatives [24] (Table  I ). The concentrations of homogenates used were 1:50 (w/v) for liver, skin biopsies, spleen, and kidney; 1:20 (w/v) for brain; and 1:10 (v/v) for cultured skin fibroblasts.
The reaction was stopped with 1 ml 0.085 M glycine carbonate buffer, pH 10, and fluorescence was measured with a Turner fluorometer at an excitation wavelength of 365 xufj, and an emission wavelength of 450 mfn. 4-Methylumbelliferone dissolved in the same glycine-carbonate buffer was used as the standard.
Arylsulfatase A activity was assayed according to the method of Percy and Brady [14] , using p-nitrocatecholsulfate as substrate.
Acid phosphatase was assayed spectrophotometrically [11] with p-nitrophenylphosphate [25] as substrate. 
Lipid Analyses
Frozen brain and liver obtained at autopsy were available from patients JG and SV. Control tissues were obtained from patients ranging in age from 13 days to 55 years who expired from noncerebral causes. Lipid analysis was carried out on cultured fibroblasts from patients LG and JG, both their parents, and five control subjects. Lipids were extracted by treating the samples with chloroform-methanol, 2:1, in a nitrogen atmosphere as previously described [12] . After evaporation of the solvent, the amount of lipid present was determined by weighing the lipid extract and the nonlipid residue. Two-dimensional thin layer chromatography [13] was carried out using plates coated with Silica Gel G to compare visually the total lipid composition of the patients' tissues or fibroblasts with that of control subjects. Thin layer plates were stained with iodine vapor or charred with potassium dichromatesulfuric acid to visualize lipids. Galactolipids were also stained with orcinol-sulfuric acid, and gangliosides were stained with resorcinol. Lipids in the patients' tissues were quantified by the method of Suzuki [17] using silica gel-coated plates; phosphorus, hexose, and cholesterol contents were determined after each lipid was scraped from the chromatoplates. Total ganglioside-sialic acid in the patients' tissues was determined by the resorcinol method [19] .
Analyses of Acid Mucopolysaccharides
Isolation of acid mucopolysaccharides [18] was carried out by extracting specimens (250 mg wet wt) with 20 volumes chloroform-methanol, 2:1. After the solvent-extracted residue was dried overnight in a desiccator, it was homogenized in 2 ml 0.1 M sodium phosphate buffer (pH 7.5) and digested with Pronase [26] at a final concentration of 0.25 mg/ml for 24 hr at 50°. The undigested residue was removed by centrifugation. Three volumes of ethanol saturated with NaCl were added to the supernate, and crude mucopolysac- The dried powder was redissolved in distilled water for determination of uronic acid and hexosamine.
Uronic acid was determined according to the method of Bitter and Muir [1] . Hexosamine was determined according to the method of Boas [2] .
Results
Enzyme Assays
Skin fibroblasts from patients with ICD were markedly deficient in /J-galactosidase, /3-glucosaminidase, /3-glucuronidase, a-galactosidase, and arylsulfatase A activities (Table II) . Normal activities were found for /3-glucosidase and acid phosphatase. Skin biopsies from ICD patients were also deficient in /?-galactosidase and /?-glucosaminidase activities as compared with samples from control subjects (Table II) .
In the liver and cerebral grey matter from patients with ICD, the activities of all enzymes tested fell within the normal range with the exception of /3-galactosidase, which was reduced to about 10% of the control value in the liver and to 25% of the control value in gray matter.
Reduced levels of /3-galactosidase were also found in spleen and kidney. The reduction of /3-galactosidase activity was demonstrated using both jfc>-nitrophenyland 4-methylumbelliferyl-galactosides as substrates.
The enzyme deficiencies in skin fibroblasts and the yS-galactosidase deficiency in other tissues were not due to the presence of soluble endogenous inhibitors. This was demonstrated by mixing homogenates of fibroblasts or frozen tissues from control subjects with those from each patient. The mixtures were assayed for enzyme specific activity; assays of all enzymes which were reduced in activity gave the expected intermediate reduction of specific activity in the mixed homogenates.
Lipid Analysis
The lipid contents of brain, liver, and spleen from patients JG and SV were within normal limits. Twodimensional thin layer chromatography of lipid extracts from each organ demonstrated no apparent alteration in the proportions of triglycerides, cholesterol, cholesterol esters, free fatty acids, phosphatidyl ethanolamine, phosphatidyl serine, lecithin, sphingomyelin, phosphatidyl inositol, cardiolipin, gangliosides, or other glycolipids. Cerebral ganglioside patterns in both patients appeared within normal limits.
The lipid content of I-cell fibroblasts was increased approximately three times those of controls (Table III) .
Nonetheless, thin layer chromatography of fibroblast lipid extracts and fractionation of lipids by diethylaminoethyl cellulose chromatography [12] revealed no change in relative percentage of any single lipid. Uniform increases of all fibroblast lipids was apparent, including cholesterol, glycerophosphatides, and glycosphingolipids. Lipid analyses of fibroblasts from parents of two patients gave lipid contents which were higher than the mean of control values; the values fell in the high normal range (Table III) .
Mucopolysaccharide Analyses
No difference was found between the contents of mucopolysaccharides in liver of two ICD patients and in that of control subjects when mucopolysaccharides were quantified on the basis of their uronic acid and hexosamine contents. The content of total mucopolysaccharides in I-cell fibroblasts was also not significantly different from that of normal fibroblasts (Table IV) .
Discussion
We know of no disorder, other than I-cell disease, which involves deficiencies of multiple lysosomal hydrolases in cultured skin fibroblasts. This is useful in the differential diagnosis of ICD from clinically similar disorders such as Hurler's syndrome (MPS I), fucosidosis, and generalized gangliosidosis (GM^-gangliosidosis type I) [7] . In cultured skin fibroblasts, no deficiency of any of the lysosomal hydrolases assayed occurs in Hurler's syndrome [4] , only crfucosidase is deficient in fucosidosis [21, 23] , and only /}-galactosidase is deficient in generalized gangliosidosis [15] .
Deficiencies of multiple lysosomal hydrolases were also demonstrated in the fibroblasts of the patient studied by Lightbody et al. [9] , who have confirmed our preliminary results [8] .
It is of interest to note that in four parental strains of fibroblasts, the activity of all hydrolases is not inter- mediate between mutant and control strains, but normal (Table II) . In our patients with ICD the only lysosomal hydrolase found to be deficient in postmortem tissues is pgalactosidase. Lucksinger et al. [10] also reported this to be the only lysosomal hydrolase enzyme deficient in repeated liver biopsies o£ their patient with I-cell disease. However, in five patients studied by Van Hoof and Hers [21] , two had a deficiency of /J-galactosidase in liver and three did not. This inconsistency could be due to heterogeneity among patients with I-cell disease or variability of the /3-gaIactosidase deficiency.
A nonspecific accumulation of lipids occurs in cultured skin fibroblasts from patients with ICD. The relationship of the lipid accumulation to the fundamental defect is not clear. Examination of postmortem tissues from patients with I-cell disease demonstrated no significant accumulation of total lipids or of any specific lipid. Moreover, no single lipid was found to accumulate within I-cell fibroblasts, indicating that Icell disease is not a lipidosis in the classical sense.
The acid mucopolysaccharide content of cultured fibroblasts and of liver from patients with I-cell disease is also not elevated, demonstrating that I-cell disease does not involve hepatic mucopolysaccharide storage. For these reasons it appears to be inappropriate to designate I-cell disease as a "mucolipidosis" [16] , since neither mucopolysaccharides nor lipids were found to accumulate in the tissues we had available for study.
The cause of multiple enzyme deficiencies in cultured skin fibroblasts in I-cell disease is unknown. This multiple enzyme deficiency appears to be present in vivo, at least in fresh skin (although not in other organs).
Wiesmann et al. [22] have reported excessive leakage of some acid hydrolases into the culture media in skin fibroblasts from an I-cell patient. Preliminary studies in our laboratory are in accordance with this finding. Further exploration of the cellular and molecular biology of I-cell disease is indicated in order to achieve understanding of the fundamental defect in this remarkable disease.
Summary
Multiple acid hydrolase deficiencies were demonstrated in cultured skin fibroblasts from patients with I-cell disease. These deficiencies may be due to excessive leakage of enzymes from the cells.
In brain and visceral organs, only /3-galactosidase was deficient.
A nonspecific accumulation of all classes of lipids occurred in skin fibroblasts, but not in brain or visceral organs.
No accumulation of acid mucopolysaccharides was found in skin fibroblasts or in liver.
I-cell disease does not present as a classical lipid or mucopolysaccharide storage disorder. The characteristic multiple enzyme deficiencies in skin fibroblasts serve to distinguish it from clinically similar disorders.
